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Abstract—Back electromagnetic force (EMF)-based methods are 
commonly used for sensorless control of interior permanent 
magnet synchronous machines (IPMSMs) in medium and high 
speed range. The feature of high robustness to system structure 
and parameter uncertainties makes the sliding-mode observer 
(SMO) a promising candidate for rotor position estimation. In a 
practical drive system, because of physical limitations, e.g., 
sampling frequency and computational resource, it is challenging 
to obtain a perfect sinusoidal waveform for the back EMF by a 
SMO, especially in high speed range. As a result, the rotor 
position obtained from the estimated back EMF by using the 
traditional inverse tangent method will have nonnegligible 
oscillations. This paper proposes a novel algorithm, which uses 
the estimated rotor speed as a feedback signal with the 
conventional back EMF-based inverse tangent method to extract 
the rotor position. The proposed algorithm can effectively 
mitigate the oscillation and improve the dynamic performance of 
the SMO for rotor position estimation. The proposed algorithm is 
validated by simulations in MATLAB Simulink as well as 
experiments on a high-power IPMSM drive system.   
Keywords—Interior permanent magnet synchrnous machine 
(IPMSM); oscillation mitigation; sensorless control; sliding-mode 
observer (SMO); speed feedback  
I. INTRODUCTION  
Electromechanical sensors, e.g., resolvers, optical encoders, 
and hall-effect sensors, are commonly used to obtain rotor 
positions/speeds, which are indispensable for high-performance 
control of interior permanent magnet synchronous machines 
(IPMSMs). The use of these sensors increases cost, size and 
wiring complexity of IPMSM drive systems. Moreover, 
sensors are subjected to high failure rates in harsh 
environments, such as high environment temperature, high-
speed operation, and adverse or heavy loading conditions [1]. 
To overcome these drawbacks, much research effort has gone 
into the development of sensorless drives that have comparable 
or similar dynamic performance to sensor-based drives during 
last decades. Among different rotor position/speed observers 
used in sensorless control schemes, the sliding-mode observer 
(SMO) is a promising candidate. Generally speaking, a SMO is 
an observer whose input is a discontinuous function of the error 
between the estimated and measured outputs [2]. If a sliding-
mode manifold is well designed and when the state trajectory 
reaches the manifold, the sliding mode will be enforced. The 
dynamic behavior of state trajectory under sliding mode only 
depends on the sliding surface and is not affected by system 
structure and parameter uncertainty.  
Control systems with sliding mode realization are becoming 
more and more tractable due to the widespread use of digital 
controllers over the last few years. In a discrete-time sliding-
mode controller or observer, in order to facilitate computer-
based implementation, the control input is calculated once in 
every sampling period and is held constant during this interval. 
Because of a finite sampling frequency, the state trajectory is 
unable to exactly move along the sliding surface, which will 
give only a sliding-like or quasi-sliding-mode motion [3], [4].   
 In several previous works, the SMO has been applied for 
sensorless control of PMSM drives [5]-[8]. The SMO uses a 
discontinuous control (i.e., a switching function) to estimate the 
back EMF based on the errors of the stator current estimation. 
However, in these works a high sampling frequency, e.g., 20 
kHz, is commonly used, and the speed range is not wide 
enough. In some practical applications, e.g., the generators in 
electric vehicles, when considering the switching losses, drive 
size, and EMI issues, the PWM frequency will be relatively 
lower, normally less than 10 kHz. Low sapling frequency and 
high speed will make the application of a discrete-time SMO 
more challenging.  
In the applications where the back EMF is estimated from a 
discrete-time SMO using a low sampling frequency, the 
waveform of the estimated back EMF will have distortions, 
which include both phase shift and magnitude variation. The 
degree of the distortion will become larger when the sampling 
frequency decreases.  As a result, conventional angle extraction 
methods, e.g., the inverse tangent method and angle tracking 
observer, will have an oscillation problem, which results in 
degradation of the dynamic performance of the SMO and large 
noise and errors in the estimated rotor position.    
This paper proposes a novel estimated speed feedback 
algorithm, which will work together with the conventional 
inverse tangent method for rotor position extraction.  This 
method will have a filtering effect to the estimated position, 
and mitigate the position oscillation caused by the low 
sampling frequency. The proposed oscillation mitigation 
algorithm is validated by simulations in MATLAB Simulink as 
well as experiments on a high-power (155 kW) IPMSM drive 
system for off-road hybrid electric vehicles.  
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II. DISCRETE-TIME SLIDING-MODE POSIITON OBSERVER  
Due to the saliency of IPMSM (i.e., Ld ≠ Lq), both the back 
EMF and the inductance matrix contain the information of the 
rotor position angle. Moreover, since the inductance matrix 
contains both 2θre and θre terms, it is not easy to obtain the 
rotor position from the back EMF directly. To facilitate the 
rotor position observation, an extended back EMF-based model 
for IPMSMs is proposed in [9], which can be further written as:   
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where vα, vβ, iα and iβ are stator voltages and currents in the α-
β stationary reference frame; ωre is rotor electrical angular 
speed; Ld and Lq are d-axis and q-axis inductances, 
respectively; R is the stator resistance; and η is the magnitude 
of the extended back EMF term, which equals to (Ld – Lq) 
(ωreid – piq) + ωreψm. In (1) only the extended back EMF term 
contains the information of rotor position. If the extended back 
EMF can be estimated, the rotor position can be obtained 
directly. The sliding-mode current observer is designed with 
the same structure as (1): 
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where l is the SMO gain of the switching control vector Zαβ; 
v*α and v*β are commanded voltages obtained from the current 
regulated vector control of the IPMSM. If the IGBT dead-time 
effect is well compensated, v*αβ should be identical to vαβ 
measured from the IPMSM stator terminals. Subtracting (2) 
from (1) the following equations can be obtained. 
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Since the extended back EMF are bounded, they can be 
suppressed by the discontinuous input with l > max{|eα|, |eβ|}. 
When the state trajectory is enforced to the sliding mode,
 
0T TS S= =?  and T Te l Zαβ αβ= ×  .  
In digital control applications, a discrete-time model of the 
SMO is needed. Due to fast calculation and implementation of 
switching function in the SMO, the Euler method is used to 
transform the continuous-time SMO to a discrete-time observer, 
which can be expressed as following: 
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where Ts is the sampling period of the SMO, which is normally 
equal to one PWM cycle; ˆSat( [ ] [ ])Z i k i kα α α= − and 
ˆSat( [ ] [ ])Z i k i kβ β β= − , where a saturation function instead of 
the conventional sign function is used as the switching function. 
Since the Euler method is used, the discrete form of current 
iteration can be expressed as: 
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t
Δ
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(6) 
The current derivative Δi/Δt can be obtained from the current 
observer equation (3). Fig. 1 shows a block diagram for the 
current observer in the discrete-time SMO.  
  
 
Fig. 1.  Block diagram of α-loop current observer for discrete-time SMO. 
III. OSCILLATION MITIGATION FOR DISCRETE-TIME SMO USING 
ESTIMATED ROTOR SPEED FEEDBACK ALGORITHM 
A. Problem Discription 
In a continuous-time system, the state trajectory can exactly 
move along the sliding surface; while in a discrete-time system, 
due to the use of a finite sampling frequency, the state 
trajectory cannot exactly move along the sliding surface. 
Because of the existence of a tracking error, the reaching law 
will still force the state trajectory moving towards the designed 
sliding surface. However, the tracking error cannot be fully 
eliminated because of the finite sampling frequency. This will 
make the state trajectory have a bounded motion around the 
sliding surface, causing a chattering problem, which in turn 
will cause oscillations in the output of the SMO. The amplitude 
of the chattering can be decreased by increasing the sampling 
rate, but cannot be eliminated unless the sample time Ts→0 [2]. 
In an electric drive system, due to the physical limitation of the 
computational resource, switching noise, losses, and thermal 
issue in the inverter, the sampling rate should be selected 
appropriately according to the system dynamics to guarantee 
fast response, instead of for the sake of control algorithms.    
In rotor position estimation, the extended back EMF is 
obtained by a SMO. If the position information is extracted 
from the estimated back EMF with oscillations, there will be an 
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oscillating error between the measured and estimated positions, 
which should be mitigated. Fig. 2 shows experimental results 
of the error between the rotor position measured from a high 
resolution resolver and the rotor position estimated by the 
SMO for a 155-kW IPMSM operating at 4,000 RPM. The 
sampling frequency is fixed at 6,000 Hz. As shown in Fig. 2, 
most of the position errors are limited within ±10 electrical 
degrees, which however are too large to ensure acceptable 
performance and stability of the sensorless control for the 
IPMSM. It is interesting to observe that the position errors 
oscillate around the zero horizontal axis. Therefore, the average 
value of these points is close to zero. What’s more, the average 
value is closer to zero if more error points are used. 
 
 
Fig. 2.  Experiment results of the error between the measured and estimated 
positions. 
B. Rotor Speed Estimation Using a Rotor Position Buffer 
This paper proposes to use the estimated rotor speed as a 
feedback signal to mitigate the oscillation issue in the position 
estimation. The proposed algorithm directly modifies the 
estimated position calculated by the inverse tangent method 
and does not affect the estimated back EMF waveform. If the 
rotor position has been estimated, the most straightforward 
method to obtain the rotor speed is to calculate the derivative of 
the position. Denote the rotor position in the ith time step as θ[i] 
and the time interval between two consecutive sampling 
instants as Ts. Therefore, the rotor speed ω can be obtained 
from the discrete derivative of the rotor position as follows. 
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The main disadvantage of this position derivative method is 
that the noise and error in the estimated rotor position have 
great effects on the rotor speed calculation. If the rotor position 
in any step has a large error or is wrong, the estimated speed 
will have a larger error or even become incorrect. To solve this 
problem, a rotor position buffer is used, as shown in Fig. 3, 
which utilizes the characteristic of the rotor position estimation 
errors shown in Fig. 2.  
In Fig. 3, Δθ[i] is defined as the change in the position in the 
ith step, which is equal to the difference between the positions 
in the ith and (i–1)th steps, i.e., θ[i]–θ[i–1]. The position is 
obtained from the SMO once per PWM cycle. Consequently, 
the data in the position buffer is updated once per PWM cycle. 
If the latest data Δθ[i] and ΔT[i] is obtained, they will be stored 
in the most left unit of the buffer, which is called Buffer[0]. 
The remaining units, Buffer[1] to Buffer[N–2], will move one 
step right in the buffer and the data in Buffer[N–1] will be 
deleted, where N is the buffer size or number of units in the 
buffer. Let ΔT[i] be the time interval between two consecutive 
sampling instants, which equals Ts if the PWM frequency is 
fixed. Using the information stored in buffer, the rotor speed 
can be calculated as: 
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The proposed method uses the principle of moving average 
to mitigate the effect of rotor position estimation errors on the 
calculation of the rotor speed. If the size of the position buffer 
is appropriately determined (e.g., sufficiently large), the 
position estimation errors will be cancelled from each other. 
This will improve the accuracy of the speed estimator. Since 
the change in the rotor speed is much slower than that in the 
position, if the buffer size is properly selected, the dynamic 
performance of the speed estimator can be guaranteed.   
 
 
Fig. 3.  The rotor position buffer. 
C. Rotor Position Estimation Improvement Using the 
Estimated Rotor Speed Feedback 
Although the rotor position estimated from the SMO has 
relatively large errors, the rotor speed estimated by using the 
position buffer method has good accuracy. Denote the 
estimated rotor speed in the ith step as ω[i]. In the steady state, 
suppose that the rotor speed is maintained around a constant 
value during the time covered by the data in the position buffer, 
the change in the position in the ith step can be estimated as: 
[ ] [ ] [ ]i i T iωθ ωΔ = × Δ                                (9) 
Equation (9) provides additional information on the change 
in the rotor position, which can be used to mitigate the 
oscillating problem of the rotor position estimated from the 
SMO. By using the rotor speed as a feedback signal, the rotor 
position can be estimated as follows. 
[ ] [ 1] [ ] (1 ) [ ]i i i iωθ θ λ θ λ θ= − + ×Δ + − ×Δ           (10) 
where θ[i] is the estimated new rotor position; θ[i–1] is the 
estimated rotor position in the previous time step; Δθ[i] (= 
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θSMO[i] – θ[i–1]), where θSMO[i] is the rotor position obtained 
directly from the SMO; λ is a weighting factor used to adjust 
the penetration of the estimated speed in the position update. If 
λ=1, then θ[i] = θSMO[i], which means that there is no speed 
feedback. Otherwise, if λ=0, the rotor position is updated by 
using the estimated speed feedback only. 
D. The Overall Rotor Position Estimation Algorithm 
Based on (10), Fig. 4 illustrates the overall proposed rotor 
position estimation algorithm. The rotor position will be firstly 
extracted from the estimated back EMF by using the inverse 
tangent method, which will be further modified by the speed 
feedback algorithm to mitigate the oscillation. The final value 
of the estimated rotor position is the sum of three parts as 
described in (10).    
There are two key parameters in the proposed algorithms 
that will affect the performance of the rotor position estimation. 
One is the position buffer size N and the other is the weighting 
factor λ. If a larger buffer size is used, the estimated speed will 
be more accurate at steady state, but the dynamic response to 
the speed variation will become worse. If a smaller buffer size 
is used, the accuracy of the speed estimation will be lower, 
which will also degrade the performance of the position 
estimation. The weighting factor λ also affects the transient 
performance of the rotor position estimation in a similar 
manner.  
 
 
Fig. 4.  Overall schematic of the proposed rotor position estimation algorithm.   
IV. SIMULATION RESULTS 
A. Simulation Model Description 
Fig. 5 shows the overall block diagram of a sensorless 
control system for an IPMSM. The control system consist a 
speed PI regulator, which generates the command torque based 
on the speed error. The based torque is the maxium torque at 
each speed point, which can be obtained by a 2-D lookup table. 
Since the DC bus voltage will also effect the current 
conmmand,  a voltage/speed ratio is used.  The current 
commands are genertated by two lookup tables based on the 
torque percentage and voltage/speed ratio. In addition, current 
PI regulators with feedforward voltage compensation, and 
other convertional modules for space vector control, such as a 
3-phase inverter, SVPWM module, Park transformation are 
also modeled. In this sensorless control system, the rotor 
position is obtained by using the proposed method. The rotor 
speed is calculated by using the position buffer, which is 
implemented by a MATLAB function in the simulations. The 
parameters of the IPMSM are shown in Table I. 
TABLE I  
SPECIFICATION OF THE IPMSM 
Nominal power 155 kW Stator resistance 0.01 Ω 
Maxium torque 300 Nm Base speed 5,000 RPM 
Current 400 A Pole-pairs number 4 
Average Ld 0.2 mH Average Lq 0.75 mH 
B. Simulation Results 
Simulation results of using the direct inverse tangent method 
and the proposed method for rotor position estimation are 
shown in Figs. 6 and 7, respectively. For both figures, the 
motor speed is 3,000 RPM and the corresponding fundamental 
frequency of the back EMF is 200 Hz. In Fig. 6, because the 
estimated back EMFs are discontinious, the eatimated position 
has significant oscillations and the position error is relatevily 
large, which is in the range of ±10 electric degrees, as shown in 
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Fig. 5. The block diagram of the proposed sensorless control scheme for an IPMSM. 
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Fig. 6(c).  The estimated back EMFs in Fig. 7(a) are exactly the 
same as those in  Fig. 6(a), since the speed feedback algorithm 
only modifies the estimated position, but has no effect on the 
back EMFs estimated by the SMO. The position buffer size is 
25, and the error of the estimated speed is smaller than 1% , 
which means that the speed error is limited within ±30 RPM 
when the rotor speed is 3,000 RPM. Using the maximum speed 
error, for one sampling period, the esitimated position error 
brought by the speed error is 0.03 electric degrees, which is so 
small and, therefore, will have little effect on the position 
estimation. The weight λ is selected as 0.1 for the simulation. 
The simulation results show that by using the proposed 
algorithm, the estimated position and the measured position are 
on top of each other. Most of the position error points are 
limited within ±3 electric degrees. The position oscillation in 
Fig. 7(b) is greatly mitigated, when compared to the result in 
Fig. 6(b). 
 
 
Fig. 6. Simulation results using the inverse tangent method. (a) Estimated 
extended back EMF; (b) true and estimated positions; and (c) error between 
measured and estimated positions. 
 
 
Fig. 7. Simulation results using the proposed rotor position estimation 
method when weight λ=0.1. (a) Estimated extended back EMF; (b) true and 
estimated positions; and (c) error between true and estimated positions. 
V. EXPERIMENT RESULTS 
A. Test Setup Description 
An experimental stand is designed to verify the proposed 
estimated speed feedback assisted rotor position estimation 
algorithm. In this test stand a prime mover machine and an 
IPMSM are connected back to back.  The prime move works 
under the speed control mode, while the IPMSM works as a 
generator under the torque control mode. The basic machine 
parameters are the same as those in Table I used for 
simulations. The sampling frequency of the current and voltage 
is the same as the PWM frequency, which is 6,000 Hz. The 
SMO is executed once per PWM cycle. The position buffer 
size is 25, which not only provides enough accuracy for the 
speed estimation, but also ensures good transient performance 
of the SMO. The error between the position measured by a 
resolver and the estimated position is recorded once per PWM 
cycle.  
B. Experimental Results 
Fig. 8 shows the effect of the weight λ on the performance of 
the proposed algorithm. In these tests, the IPMSM rotor speed 
is 3,000 RPM and the sampling frequency is 6,000 Hz.  When 
λ is close to 1, the use of speed feedback has little effect on the 
estimated position. Even when λ decreases to 0.5, the position 
filtering effect is still not obvious to see. However, when λ 
further decreases to 0.3 and 0.1, the position error oscillation is 
significantly reduced and becomes much closer to zero. As Fig. 
8(a) shows, when λ = 0.1, the error between the measured 
position and the position estimated by the proposed method is 
limited within ±2 electric degrees, which verifies the 
simulation results in Fig. 7. 
Fig. 9 shows the experimental results of using the inverse 
tangent method for position calculation, where the rotor speed 
is 3,000 RPM. Because there are only 30 sampling points in 
one electrical revolution, the estimated back EMF looks 
discontinuous. The measured position and the estimated 
positions are almost on top of each other. However, it is still 
can be seen that the estimated position has small oscillations 
and its curve is not an exactly straight line. As a comparison, 
the estimated position using the proposed method is shown in 
Fig. 10, where λ = 0.1. As Fig. 10 shows, the oscillation in the 
estimated position has been effectively mitigated and the 
estimated position curve is exactly in parallel with the 
measured position curve. 
VI. CONCLUSION 
A novel estimated speed feedback algorithm has been 
proposed in this paper to work with the conventional inverse 
tangent method for SMO-based rotor position estimation. The 
proposed method can effectively mitigate the oscillation in the 
estimated position caused by the discontinuity of the estimated 
back EMF. Simulation and experimental results have validated 
the effectiveness of the proposed algorithm and has evaluated 
the effect of the weighting factor λ on the performance of the 
proposed algorithm. Proper selection of the weighting factor λ 
(a)
(b)
(c)
Time (s)
Eα
Eβ
(a)
(b)
(c)
Time (s)
Eα
Eβ
will effectively improve the performance of the SMO in low 
sampling rate conditions.  The algorithm implementation is 
very simple, and consumes little computational resource, 
which shows a great potential for industrial applications.    
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